carbanion following the abstraction of the C-3R proton, and this is followed by a rate-determining C-N bond cleavage (14) . In the latter study, the transition state for C-N bond cleavage has been suggested to be intermediate between the carbanion and fumarate.
In this paper the pH dependence of kinetic parameters for the H. alvei aspartase are examined in both reaction directions in the presence and absence of Mg2+ to allow comp rison to the enzyme from E. coli ( 12) . In addition, the washin of deuterium from D20 to aspartate during turnover has been measured. Data are discussed in terms of an overall mechanism for aspartase.
METHODS AND MATERIALS
Chemicals and enzyme. H. alvei aspartase (1 unit/mg) was obtained as a crude preparation from Sigma. The enzyme was purified using a Red A agarose column as suggested by Karsten et al. (11) .
The purified enzyme had a specific activity of 50 assayed with 20 mM MgS04 and 10 mM aspartate at pH 8, 100 mM Hepes and was estimated to be 67% pure by SDS-PAGE.4 L-Aspartate, fumarate, MgC1 2 , NH 4 C l, and Hepes were from Sigma, while Ches and Mes were from Ultrol. All other reagents were obtained from commercial sources and were of the highest purity available.
Initial velocity studies. All data were collected using either a Gilford 2600 spectrophotometer connected to a Hewlett-Packard flatbed plotter to plot the time course and its derivative or a Gilford 250 spectrophotometer and a strip chart recorder. The temperature was maintained at 25•c with a circulating water bath with the capacity to heat and cool the thennospacers in the cell compartment. All reactions were carried out in 1-ml cuvettes with a 1-cm light path, which were incubated for at least 10 min in a water bath prior to initiation of reaction by the addition of aspartase. The progress of the reaction was monitored using the appearance or disappearance of fumarate at 24-0 nm (t 240 = 2550 M"1 cm·'). Fumarate and aspartate concentrations were corrected for complexation with divalent metal ion using the following dissociation constants obtained at 0. 1 M ionic strength: Mg-aspartate, 4 mM; Mg-fumarate, 10 mM (19). pH studies. To be certain that the kinetic mechanism in th diretion of fumarate amination is pH independent and to obtain estimates of the K, . , values for fumarate and ammonia, initial velocity patterns in the absence of products were obtained at pH 5.5, 8, and 9 by measuring the initial rate at different levels of fumarate and several fixed levels of ammonium ion and at a single saturating concentration of Mg2•. Once the measured kinetic patterns were shown to be pH independent, saturation curves for aspartate (in the aspartate deamination direction) or fumarate (in the fumarate amination direction) were obtained at a fixed saturating concentration of the metal ion (and ammonia in the fumarate amination direction) as a function of pH. The pH was maintained using the following buffers at 100 mM concentrations: Mes, 5.5-6.5 (Pipes replaced Mes for determination of the potassium inhibition constant); Hepes, 6.5-8.5; Ches, 8.5-9.5. Aspartate and ammonia stock solutions were titrated to the desired pH to prevent significant differences from the pH of the buffer used and the final solution pH. The pH was recorded before and aft.er initial velocity data were recorded; no significant differences were detected.
• Abbreviations used: SOS-PAGE, sodium dodecyl sulfate-polyacrylamide gel electrophoresis; Hepes, N-(2-hydroxyethyl)piperazine-N'-ethanesulfonic acid; Ches, 2-(cyclohexylam.ino)ethanesulfonic acid; Mes, 2-(N-morpholino)ethanesulfonic acid. Deuterium washin. The rate of deuterium incorporation into C-3R of L-aspartate was measured under conditions of turnover by obtaining 1H NMR spectra as a function of time. Spectra were obtained using 2-ml samples in 10 mM Hepes, pD 7.5, at 25°C with 5 mM L-aspartate, 20 mM MgSO,, and ca. 0.01 units/ml aspartase. Control samples were identical, but excluded aspartase. Spectra were measured on a Bruker AM 300 SWB superconducting spectrometer at 300 MHz for 1 H, collecting 16K data points with a sweep width of6024 Hz and a pulse angle of 20°. A total of 12 scans were accumulated per time point. and all spectra were run at 25°C . Data were also collected in the absence of Mg2·. The C-3 protons of aspartate resonate as an octet near 2.7 ppm, while the C-2 proton resonates as a quartet at 3.9 ppm, and the product fumarate resonates at 6.5 ppm. No change in the relative intensities of the quartet or octet was observed in the minus enzyme control, and no appearance of fumarate was observed. Incorporation of 3% deuterium into aspartate could have been detected. Data processing. Reciprocal initial velocities were plotted against reciprocal substrate concentrations and all plots and replots were linear. Data were fitted using the appropriate rate equations and computer programs developed by Cleland (3). Data from Dixon plot analyses were fitted using Eq. (2] . Data obtained for substrate saturation curves obtained for the pH dependence of the kinetic parameters were fitted using Eq. [3] , while data conforming to a rapid equilibrium-ordered kinetic mechanism were fitted using Eq. [41. Data for competitive inhibition were fitted using Eq. [5). [10) In Eqs. [7] and (8) 
RESULTS
Initial velocity studies in the absence of product and dead-end inhibitors. In the direction of aspartate deamination, all time courses were linear for at least 5 min. In the direction of fumarate amination, time courses obtained at varied fumarate concentration and saturating concentrations of NHt and Mg2 . . . were complicated by the appearance of a lag in the time course followed by a linear steady-state rate. The lag in the time course was alleviated in all cases by the addition of 1 mM aspartate to the reaction mixture. At 1 mM concentration, aspartate has no inhibitory effect on the reaction. The latter behavior is similar to that reported for the enzyme from E. coli (9, 10).
Initial velocity patterns obtained by varying the concentration of aspartate at several fixed concentrations of Mg2+ intersect on the ordinate at pH 8, indicating that the kinetic mechanism is equilibrium ordered with Mg2 + binding prior to aspartate as previously suggested by Nuiry et al. (14) . Patterns qualitatively identical to that observed at pH 8 were also obtained at pH 5.5 and 9.2, indicating that the kinetic mechanism in the direction of aspartate deamination is pH independent. Initial velocity patterns obtained for fumarate amination in the presence of saturating Mg2 .. and 1 mM aspartate intersect to the left of the ordinate at pH 5.5, 8, and 9.2, again suggesting that the kinetic mechanism is pH independent.
pH dependence of kinetic parameters in the direction of aspartate deamination. It has been reported by Karsten and Viola (12) that the metal activation of the E.coli enzyme is dependent on the reaction pH. At pH values below 7, divalent metal ions apparently do not activate, while above this pH divalent metal ion and substrate are essential activators. In view of the similarity in the H. alvei and E. coli enzymes with respect to substrate activation, it is important to determine The pH dependence of VIK asrP , was likewise determined in the absence and presence of20 mM Mg2 + (Fig.  lB) . In the presence of Mg2•, the VIKa s p profile decreases to a slope of 1 at low pH with a pK value of 6.3 and a slope of -1 at high pH with a pK of 8.4. An intermediary plateau is observed between pH 6.5 and 7. In the absence of Mg2 . . , the VIK asp profile is also bellshaped with limiting slopes of 1 and -1, respectively. A pK of 6.6 is observed on the acidic side, identical (within error) to that obtained in the presence of Mg2 Table I .
pH dependence of kinetic parameters in th,e direction of fumarate amination. The pH dependence of V for amination was determined in the absence and presence of 20 mM Mg2 + . In the absence of metal, the V profile is bell-shaped, giving a pH-independent value of9 :!: 1 s-1 ( Fig. 2A) . In the presence of the metal ion, V is pH independent above pH 8 and decreases to a pHindependent value below pH 5 ( Fig. 2A) . The pH-independent values of Vat high and low pH are 39 :!: 6 and 3.5 :!: 0.6 s-1, respectively.
The pH dependence of V!Kcum was also measured in the absence and presence of 20 mM Mg2 + . In both cases, V!K eu m is only slightly pH dependent. In the absence of Mg2 + , there is an indication that the parameter decreases below and above the respective pK values, while in the presence of Mg2 + only the acidic pK is observed (Fig. 2B) . The pH-independent values of VI K rum in the presence and absence of Mg2 + are (3.6 : : !: : 0.4) x 10 4 and (2.8 :t 0.4) x 10 3 l\C 1 s-1 , respectively. pH dependence of the succinate dissociation constant. The pH dependence of the dissociation constant for succinate, a competitive inhibitor of aspartate, was determined in order to aid in the assignment of those pK values reflecting groups responsible for substrate binding and to determine whether intrinsic pK values are observed in the VIK a ,p pH profile. The pK; succinat.e profile (Fig. 3A) decreases at low and high pH with limiting slopes of 1 and -1, respectively. The pK; potassium profile was also obtained (Fig. 3B) the curve for V is based on parameters estimated from a fit using Eq. (9), while VIK.,p is generated from a fit using Eq. (7). As stated above, the protons are nonequivalent and as a result C-3R splits C-3S into a doublet and this doublet is further split by C-2 into a quartet. The C-3S and C-2 protons also split C-3R into a quartet, and the C-3R and C-3S quartets produce the observed octet. The resonances centered at 3.9 ppm reflect the C-2 proton split by C-3R and C-3S, giving a quartet, while the resonance near 6.5 ppm reflects the two equivalent protons of fumarate. Thus, the relative intensities of the fumarate to aspartate protons can be used as a monitor of the reaction progress. The spectrum shown in Fig. 4A was taken at 15 min after initiation of the reaction by the addition of aspartase, while that shown in Fig. 4B was taken 435 min after initiation of the reaction; the reaction is more than 50% complete. In addition to the spectra shown, spectra were collected at 0, 30, 45, 60, 90, 120, and 180 min. In no case is there evidence of exchange into the C-3R position. The lack of exchange can most easily be seen from the lack of change in the intensities of the resonances at C-2 relative to one another and to those at C-3. Data collected in the absence of Mg2 + are identical (not shown) .
DISCUSSION

Interpretation of the VI K as p and VI K ru m pH profiles.
The VIK for a reactant is the second-order rate constant for conversion of free enzyme and free reactant to products. Thus, the pKs observed in the VIK asp pH profiles reflect acid-dissociable functional groups in free E in the absence of Mg2 + and in free E:Mg in its presence. In the direction of ammonia addition to fumarate, VI Kru m pH profiles were obtained in the presence of saturating ammonia in the absence or presence of saturating Mg2· and thus reflect E:ammonia and E:Mg:ammonia, respectively.
In K for ammonia has been reported previously over the pH range 6-9.5 (14) at saturating concentrations of fumarate and Mg2 + . The VIK decreases at high pH with a pK of 9.3, consistent with it being the pK for ammonia.
The bell-shaped nature of the pH rate profiles obtained in the absence of Mg2 + , for aspartate and fumarate reflecting the forward and reverse reactions, suggests that the two enzyme groups responsible for the observed pKs function in catalysis. Thus, the two groups would have opposite protonation states in the two reaction directions. These groups are also required in their correct protonation state for the binding of succinate since its dissociation constant increases above and below the same pKs observed in the VIK ,,,, 14) . Thus, if the active site were accessible to solvent during the catalytic cycle, washin of deuterium to aspartate would be expected since the kinetic mechanism is rapid equilibrium (14) . A lack ofwashin of deuterium suggests that the site closes for the catalytic cycle and is not accessible to solvent. The latter has also been shown for fumarase (2) which catalyzes a very similar reaction.
Interpretation ofV mtuprofiles. The V profiles exhibit similar behavior in both reaction directions. In the direction of the elimination of ammonia from aspartate in the absence of Mg2 + a bell-shaped pH profile is observed with pK values very similar to those observed in the V/K u p pH profile in the absence ofMg2 + . The two groups likely function in catalysis as discussed above for VI K aa p . In the presence of Mg2 + , a partial change is observed in the V profiles in both reaction directions. A group with a pK of 7.5 is observed that is required unprotonated for optimal activity. The group with a pK of 7.5 is responsible for a pH-dependent activation as it becomes unprotonated. The activation is also observed in the V!K asp profile as an increase in the VIK between pH 6.5 and 8.
Neither of the two groups observed in V profiles in forward and reverse reactions (minus divalent metal), the V/K as p profiles (plus and minus divalent metal), and the V/Krum profile (minus divalent metal) is observed in the V profiles in forward and reverse reactions in the presence of divalent metal. Thus, the two catalytic groups both interact with aspartate which is unlikely given the proposed mechanism (uide infra), are environmentally perturbed when aspartate and Mg2 + are bound, or a combination of both. Consider first the group that must be unprotonated in the direction of aspartate deamination. Causing the environment surrounding the group to become more hydrophobic would be consistent with the deuterium washin experiments which suggest that the active site is closed and not exposed to solvent under these conditions. The group that must be protonated for activity in the direction of aspartate deamination is also not observed in the V profile measured in the presence of Mg2 + . The pK values obtained from the V and VIK as p pH profiles in the absence of Mg2 + are the same within error, while in the presence of metal ion the V/K asp pKs are not observed in the V pH profile. Thus, there is apparently a distinctly different conformation of aspartase in the absence and presence ofMg2 .... The latter would he consistent with the suggestion based on the NMR relaxation studies of Falzone et al. ( 
7) that Mn
2+ binds at an allosteric site. The binding of the divalent metal ion to the allosteric site might be expected to produce a different conformation at the active site. The group with a pK observed on the basic side of the VIK as p profiles may interact with aspartate and have its pK perturbed (uide infra). Thus, the perturbation of the basic pK observed in the presence ofMg2 + is likely a combination of environmental effects and of direct interaction with aspartate.
As a result, in the absence of Mg2 + , aspartase will bind reactant(s) with apparent equal affinity whether or not the enzyme functional groups reflected in the V and VIK profiles are in their correct protonation state. In the presence of Mg2 + , reactants apparently bind only to the correctly protonated form of aspartase.
In the direction of fumarate amination, data are qualitatively similar to those obtained in the aspartate deamination reaction direction. In the absence ofMg2 + , the V decreases at low and high pH as does V/K fwn . Addition ofMg2 + causes the basic pKto increase. There are quantitative differences in the pK values observed in the fumarate direction compared to those in the aspartate direction. The differences likely reflect the complexes that are titrated, that is E:aspartate in one direction and E:fumarate:ammonium in the opposite direction.
Taking into account the above data, the mechanism SCHEME 1. Kinetic mechanism of aspartase as a function of pH. (15) of the high affinity of aspartase for the dianionic form of 3-nitro-L-alanine. A mechanism taking into account the carbanionic intermediate and the above pH studies is shown in Scheme 2. Aspartate binds to enzyme as the monoanion with both carboxyl groups and the a- (14) suggested that Mg2 + played the role of the Lewis acid coordinated to the ,8-carboxyl of aspartate, but Mg2· is not absolutely required for the reaction and the NMR studies of Falzone et al. (7) indicate that this is unlikely. Thus, an enzyme residue must be responsible for the electrostatic role, but this enzyme group must have a pK higher than 9, since no group that can be ascribed to this function is observed in the pH rate profiles. Ammonia is then expelled with the assistance of a general acid group giving NH; as the product. The general acid is not predicted to protonate the leaving NH3 in the transition state for elimination of ammonia, but rather to trap the expelled NH 8 by protonating it once it has been eliminated. The pK for the general acid is about 7.2 7.6 in the absence of Mg2"', but is increased to a value of 7 .6-8.4 in the aspartate deamination direction in the presence of Mg2 and even higher in the opposite direction. The general acid group is again observed in all of the same pH rate profiles specified above, for the general base, as well as the pK; potassium profile. -:Since the same pK values are observed in the pKi, ix,mate and VIK pH profile, both enzyme groups must be in their optimal protonation state for efficient binding of):eactant in the presence ofMg2+. The general acid group is likely a neutral acid, since it would be repulsive to the protonated a-amine of aspartate if it were cationic. As a neutral acid there is also a possibility of hydrogen bonding to the positively charged amine. At the end of a catalytic cycle, both the general base and general acid groups are in a protonation state opposite to that in which they started when aspartate was bound. The H. aluei aspartase thus has an acid-base catalytic mechanism similar to that suggested for fumarase which has two catalytic groups, one to accept a proton to form the intermediate and a second to protonate the hydroxyl leaving group (2). In this regard, Bacillus subtilis aspartase and fumarase exhibit 37% sequence identity (17) as has also been found for the E. coli aspartase and class II fumarase.
Similar perturbation of the basic pK is observed for the E. coli aspartase (12). These authors interpreted the data based on a pH-dependent conformational activation triggered by Mg2 . . . ; that is, enzyme with the protonated form of the group with a pK of about 7 on the basic side of the pH profile is more active than that with the group unprotonated. Perturbation of the pK upon addition of Mg2 + results in a stabilization of the enzyme form with the group unprotonated. We cannot rule out this explanation as a possibility in the case of the H. alvei enzyme. However, in the case of this alternative mechanism, it is not clear why the activity increases to a new constant value prior to decreasing at high pH, rather than simply giving a perturbation of the pK to higher pH.
Comparison to the E. coli aspartase. The pH dependence of kinetic parameters in the direction of elimination of ammonium ion from aspartate is qualitatively very similar for the H. aluei (this study) and E. coli (12) enzymes. The V!K asv profiles for both enzymes exhibit an increase in rate in the presence ofMg 2 ... at high pH. However, very little metal-dependent increase in activity is observed at low pH for the E. coli enzyme, while significant activation is observed over the entire pH range for the H. alvei enzyme. As a result, a difference pH profile is informative in the case of the former, but not in the latter. The V profiles are also quite similar, with the exception that a pK of 9.5 is observed in the presence of saturating Mg2 . . for the E. coli enzyme, and data were not collected to high enough pH to define such a pK for the H. aluei enzyme. The biggest differences between the two enzymes appear to be in the fumarate amination direction. The V profiles are similar in that more activation is observed in the fumarate amination direction than in the opposite reaction direction, but almost three orders of magnitude activation is observed for the E. coli enzyme, compared to a little over an order of magnitude in the case of the H. alvei enzyme. Even more striking are the differences in the VIK profiles for ammonia and fumarate. The V/Ka mmonia profile for the E. coli enzyme decreases at low pH and reflects the pK of ammonia, while that for the H. aluei enzyme decreases at high pH and reflects the pK of ammonia. In addition, the V/Kc um. profile for the E. coli enzyme decreases at high pH with a limiting slope of -2 and reflects the pKs of two enzyme groups, while that for the H. aluei enzyme is bell shaped and reflects the same pKs as those observed in the V/K as p profile. Thus, although the enzymes are very similar in their behavior, the differences discussed above suggest real differences in the acid-base chemical mechanisms of the two enzymes, particularly with respect to the protonation state of ammonia (ammonium ion) as a reactant.
